Circulating ghrelin elevates abdominal adiposity by a mechanism independent of its central orexigenic activity. In this study we tested the hypothesis that peripheral ghrelin induces a depotspecific increase in white adipose tissue (WAT) mass in vivo by GH secretagogue receptor (GHS-R 1a )-mediated lipolysis. Chronic iv infusion of acylated ghrelin increased retroperitoneal and inguinal WAT volume in rats without elevating superficial sc fat, food intake, or circulating lipids and glucose. Increased retroperitoneal WAT mass resulted from adipocyte enlargement probably due to reduced lipid export (ATP-binding cassette transporter G1 mRNA expression and circulating free fatty acids were halved by ghrelin infusion). In contrast, ghrelin treatment did not upregulate biomarkers of adipogenesis (peroxisome proliferator-activated receptor-␥2 or CCAAT/ enhancer binding protein-␣) or substrate uptake (glucose transporter 4, lipoprotein lipase, or CD36) and although ghrelin elevated sterol-regulatory element-binding protein 1c expression, WAT-specific mediators of lipogenesis (liver X receptor-␣ and fatty acid synthase) were unchanged. Adiposity was unaffected by infusion of unacylated ghrelin, and the effects of acylated ghrelin were abolished by transcriptional blockade of GHS-R 1a , but GHS-R 1a mRNA expression was similar in responsive and unresponsive WAT. Microarray analysis suggested that depot-specific sensitivity to ghrelin may arise from differential fine tuning of signal transduction and/or lipidhandling mechanisms. Acylated ghrelin also induced hepatic steatosis, increasing lipid droplet number and triacylglycerol content by a GHS-R 1a -dependent mechanism. Our data imply that, during periods of energy insufficiency, exposure to acylated ghrelin may limit energy utilization in specific WAT depots by GHS-R 1a -dependent lipid retention. 
G
iven the startling rise in obesity, understanding the mechanisms regulating fat deposition has never been more pressing. At the cellular level, expansion of white adipose tissue (WAT) volume arises from either increased adipocyte number (adipogenesis) and/or increased adipocyte size as a result of enhanced substrate uptake, elevated lipid synthesis (lipogenesis), decreased lipid utilization (lipolysis), and/or reduced lipid export.
The gastric hormone, ghrelin, is now thought to play a significant role in the regulation of lipid storage in WAT. Ghrelin is secreted from the stomach (1) in response to fasting (2) or food restriction (3) , and has been identified in a discrete population of hypothalamic interneurons (4) . Activating GH secretagogue receptors (GHS-R 1a ) (1) in the hypothalamus, ghrelin stimulates orexigenic neurons (4 -7) and promotes the preferential ingestion of fat (8) . Although acute ghrelin exposure also induces GH secretion (1, 9) , the net effect of prolonged ghrelin exposure is increased fat mass (2, 10) .
However, the effect of ghrelin exposure on adipocytes remains controversial. Ghrelin has been reported to inhibit (11) and enhance adipogenesis (2, 12, 13) , augment fat storage enzyme activity (14) , to elevate triglyceride content (15) , and reduce fat utilization (2)/lipolysis (15, 16) . These contradictory results may arise from the use of different modes of ghrelin exposure and analysis of adipocytes from different locations. To clarify this situation we have tested the hypothesis that peripheral ghrelin elicits depot-specific increases in WAT mass by inducing GH secretagogue receptor (GHS-R 1a )-dependent lipolysis.
In this study, we used magnetic resonance imaging (MRI) to establish the nonuniform effect of chronic acylated ghrelin exposure on abdominal WAT volume in rats. We then determined whether these effects of ghrelin are mimicked by unacylated ghrelin (UAG), which is the most abundant form of ghrelin in the circulation (18) . Although UAG does not bind to GHS-R 1a (1) , it is equipotent with acylated ghrelin in stimulating adipogenesis in bone marrow (12) . To elucidate the cellular mechanisms underlying the effects of ghrelin on abdominal adiposity, we quantified circulating energy substrates and the expression of adipogenic, substrate uptake, lipogenic, lipolytic, and lipid export biomarkers in responsive abdominal WAT in rats after treatment with acylated ghrelin. To establish whether the ghrelin-induced elevation in WAT mass is mediated by GHS-R, we measured abdominal adiposity after infusion of acylated ghrelin in loxTB-GHS-R mice, in which transcriptional blockade prevents expression of GHS-R (18) . To determine the mechanism by which individual abdominal WAT depots are sensitive to ghrelin exposure, we quantified GHS-R mRNA expression in a range of abdominal fat depots and performed a transcriptome microarray in ghrelin-responsive and ghrelin-unresponsive intraabdominal WAT. Finally, to determine whether the influence of ghrelin on lipid storage is WAT specific, we quantified the effect of acylated ghrelin on hepatic lipid content in rats and loxTB-GHS-R mice.
Results

Study 1: ghrelin induces depot-specific increases in abdominal WAT
A 2-wk continuous iv infusion of acylated ghrelin significantly altered abdominal WAT distribution (Fig. 1, A and B) . Although body weight gain (122% of vehicle-treated; P ϭ 0.054; data not shown) and total WAT volume ( Fig. 1C; 117% ; P ϭ 0.071) were not significantly elevated by ghrelin treatment, inguinal and retroperitoneal WAT volumes were increased by 20% ( Fig. 1E ; P ϭ 0.030) and 50%, respectively ( Fig. 1G ; P ϭ 0.025). Mesenteric ( Fig. 1F ; 117% of vehicle-treated; P ϭ 0.067) and epididymal ( Fig. 1H; 122% ; P ϭ 0.212) WAT volumes were not significantly increased by ghrelin exposure, and superficial sc WAT volume was unaffected (Fig. 1D ).
Study 2: UAG does not increase abdominal adiposity
Because we had previously shown that the adipogenic action of ghrelin in bone marrow is mimicked by UAG (12), we investigated whether the effects of ghrelin in abdominal WAT could be seen after UAG treatment. Male rats received 1-wk iv infusions of acylated ghrelin, UAG, or the GHS-R 1a -specific ligand, L-163,255 (19, 20) , and dissected WAT depots were weighed post mortem. Ghrelin increased retroperitoneal ( Fig. 2C ; 62% higher; P Ͻ 0.05) and perirenal (64% higher; P Ͻ 0.05; data not shown) WAT mass, without significantly affecting inguinal ( Fig.  2D ; 124%) or epididymal (Fig. 2D) WAT weights or circulating leptin ( Fig. 2E; 120%) . In contrast, UAG reduced body weight gain ( Fig. 2A ; 37% lower; P Ͻ 0.05), without affecting any of the parameters of adiposity. None of the parameters measured were significantly affected by L-163,255 infusion, although retroperitoneal fat weight was 141% of that in vehicle-treated rats (P Ͼ 0.05). Thus, UAG did not promote abdominal fat deposition.
Study 3: ghrelin does not elevate circulating substrate
To determine whether the ghrelin-induced elevation in abdominal adiposity is due to an increase in circulating substrate, glucose and lipid profiling was performed on terminal plasma samples from infused rats in study 2. Peptide infusion did not affect cumulative food intake ( Fig. 3A) and, instead of increasing circulating substrates (Fig. 3 , B-H), plasma free fatty acids (FFAs) were halved by ghrelin, UAG, and L-163,255 treatment (Fig. 3F ). In addition, UAG reduced the diet-derived sterol esters (arachidonic acid enriched by 55%; Fig. 3G ; esters of common fatty acid composition by 37%; Fig 3H) in the circulation. Thus, ghrelin did not elevate abdominal adiposity by increasing the availability of circulating metabolic substrates but appeared to reduce lipid export from WAT.
Study 4: ghrelin reduces ATP-binding cassette transporter G1 (ABCG1) expression, a lipid export biomarker
To determine the underlying cellular mechanism of the ghrelininduced abdominal WAT mass, we used PCR to quantify the expression of adipogenic, lipogenic, and lipolytic transcripts in retroperitoneal fat from rats treated with acylated ghrelin. Neither biomarker of adipogenesis, peroxisome proliferatoractivated receptor (PPAR)␥2, and C/EBP␣, were affected by ghrelin infusion (Table 1) , but AP2 mRNA expression (a marker of terminally differentiated adipocytes) was down-regulated (Table  1) . Expression of CD36 (which regulates lipid uptake) was significantly reduced, whereas the transcripts associated with glucose (GLUT4) and triglyceride uptake (lipoprotein lipase) were unaffected. Expression of biomarkers of lipid storage (perilipin) and adipocyte growth [liver X receptor (LXR)␤] was also significantly reduced. Although sterol-regulatory element-binding protein (SREBP)1c expression was tripled by ghrelin exposure, the WATspecific mediators of lipogenesis (LXR␣ and fatty acid synthase) were unaffected. Expression of biomarkers of fat utilization (uncoupling proteins 1 and 2) and lipolysis (hormone-sensitive lipase) was not significantly reduced, but expression of the cholesterol exporter ABCG1 was halved. Thus, ghrelin-induced elevation in WAT mass is not due to elevated substrate uptake or triglyceride synthesis but is likely to be due to reduced lipid export.
Study 5: ghrelin increases abdominal adiposity via GHS-R
To establish whether the ghrelin-induced elevation in adiposity is dependent upon GHS-R 1a , wild-type (W-T) and loxTB-GHS-R (GHS-R-null) mice received 1-wk iv infusions of either vehicle or acylated ghrelin. In W-T mice ghrelin treatment tripled mean weight gain ( Fig. 4A ; P Ͼ 0.05), increasing inguinal (66%; Fig. 4B ; P Ͻ 0.05) and epididymal (48%; Fig. 4E ; P Ͻ 0.05) WAT mass and circulating leptin (2.5-fold; Fig. 4F ; P Ͻ 0.01), without significantly increasing retroperitoneal WAT ( Fig. 4D; 113% ). Histological analysis revealed that ghrelin increased inguinal adipocyte size by 40% ( Fig. 4C and inset ; P Ͻ 0.001). In contrast, ghrelin infusion had no effect on weight gain (Fig. 4A) or any of the parameters of adiposity in loxTB-GHS-R mice. Thus, ghrelin-induced elevation of abdominal adiposity is dependent upon GHS-R.
Study 6: sensitivity to ghrelin is independent of depot-specific GHS-R 1a mRNA expression
Because the ghrelin-induced elevation in adipose tissue mass was dependent upon the presence of GHS-R, we quantified GHS-R mRNA expression in individual WAT depots by PCR. Although significantly lower than in the hypothalamus (Ͻ30%; Fig. 5 ; P Ͻ 0.01), GHS-R 1a mRNA expression was detectable in all WAT depots, being highest in mesenteric adipose tissue and lowest in tibial marrow adipocytes. Because there were no interdepot differences in GHS-R 1a mRNA expression (Fig. 5 ) and relative expression did not correspond to ghrelin responsiveness ( Figs. 1 and 2 ), the sensitivity of individual WAT depots appears to be independent of relative GHS-R 1a expression. Similarly, GHS-R 1b mRNA expression in WAT was less than 40% of that in the hypothalamus, and there were no interdepot differences (data not shown).
Study 7: depot specificity may be related to differential regulation of signal transduction and lipid handling
Given the relatively uniform expression of GHS-R 1a mRNA ghrelin-responsive and ghrelin-unresponsive WAT depots, we used microarray analysis to examine whether depot sensitivity may be due to differential expression of genes associated with the GHS-R 1a signal transduction pathway or the mechanisms of lipid handling. The microarray was validated by the expected high levels of expression of genes involved in lipid handling (lipoprotein lipase, hormone-sensitive lipase, GLUT4, fatty acid synthase) or adipogenesis (PPAR␥) in both depots (Table 2 ) and the observation that there was no significant difference in the levels of GHS-R 1a mRNA expression (as seen in Fig. 5 ). Of the genes studied 12% (3917) were differentially expressed between ghrelin-responsive retroperitoneal and ghrelin-unresponsive epididymal adipose tissue (Figs. 1 and 2), with 228 genes showing a greater than 2-fold difference [the complete dataset is lodged with the Minimum Information About a Microarry Experiment (MIAME)-compliant ArrayExpress European Bioinformatics Institute repository (http://www.ebi.ac.uk/microarray-as/ae/; experiment reference: E-MEXP-1993]. Among those genes showing differential expression, guanylate cyclase activator 2a and the regulator of G protein signaling, RGS7, were more highly expressed in ghrelin-responsive retroperitoneal fat, whereas phospholipase C and RGS4 were more highly expressed in epididymal WAT. Given the emerging evidence that heterodimerization of G protein-coupled receptors (21) influences function, we noted that several receptors associated with activating G proteins (CRH-R1, dopamine receptor 1a, and the secretin receptor) were more highly expressed in retroperitoneal WAT, whereas others (Calmodulin receptor 3, GPR88, and VPAC2) were more highly expressed in epididymal fat. In addition, SST-R5, which is associated with an inhibitory G protein, is more highly expressed in retroperitoneal WAT. As expected, the expression of PPAR␥2 was not significantly different between the two depots studied, and neither were the majority of genes regulating lipid uptake and storage. However, the glucose uptake transporter, GLUT4, and fatty acid synthase were both more highly expressed in ghrelin-responsive adipose tissue (P Ͻ 0.05). Conversely, steroidogenic acute regulatory protein was more highly expressed in epididymal adipose tissue. This analysis suggests that the sensitivity of individual WAT depots to ghrelin exposure may be determined by differential regulation of signal transduction (including receptor oligomerization) and/or lipid handling.
Study 8: ghrelin induces GHS-R-dependent hepatic steatosis
To establish whether ghrelin-induced lipid storage is specific to WAT, we quantified lipid content in sections of liver from ghrelin-treated rats and mice. Total lipid area was elevated by 50% in ghrelin-infused rats but unaffected by UAG treatment (data not shown; P Ͻ 0.05). In W-T mice, ghrelin infusion tripled total lipid area ( Fig. 6B and inset; P Ͻ 0.05) and lipid droplet number ( Fig. 5C ; P Ͻ 0.01) and doubled triacylglycerol content ( Fig. 6E ; P Ͻ 0.05), without significantly affecting liver weight (Fig. 6A ) or droplet size (Fig. 6D) . None of the parameters of hepatic lipid content were increased in ghrelin-treated loxTB-GHS-R mice (Fig. 6) . Thus, ghrelin also induces hepatic steatosis by a GHS-R-dependent mechanism.
Discussion
Body fat distribution in humans varies with age and gender, and the profile of WAT distribution is predictive of the risk of developing the comorbidities of obesity (22) . However, the factors governing the development of particular adiposity profiles re- main unclear (23) . Despite the differences in lipid metabolism between humans and rodents, the current study provides evidence that peripheral ghrelin regulates expansion of adipocytes in specific abdominal WAT compartments in rats by a GHS-R 1a -dependent mechanism.
Using MRI we demonstrated that ghrelin exposure increased the volume of retroperitoneal and inguinal (a deep sc depot) WAT in rats, without influencing epididymal or superficial sc compartments. This finding was replicated in our quantification of WAT mass except that inguinal WAT mass was not significantly elevated, possibly reflecting the shorter treatment time. This depot-specific profile, which is similar to our previous findings in GH-deficient rats (12) , differs from the more ubiquitous changes in adiposity induced by manipulating central ghrelin (14, 24) , which are thought to be mediated by the sympathetic nervous system (14) .
At the cellular level, the increase in WAT volume in the current study resulted from adipocyte enlargement (Fig. 4C) , without increasing the expression of biomarkers of preadipocyte differentiation, PPAR␥2 and C/EBP␣ (25) . Several mechanisms may give rise to this hypertrophy.
First, increased adipocyte volume may arise from increased availability of circulating metabolic substrate. Although central ghrelin injections induce feeding behavior (6, 7), chronic peripheral treatment did not affect cumulative food intake in the current study (Fig. 3A) or increase circulating glucose or dietaryderived lipids (Fig. 3 , G and H). When combined with our observation that ghrelin did not enhance circulating triacylglycerol, we concluded that adipocyte hypertrophy was not due to elevated availability of circulating substrate. Alternatively, ghrelin may increase WAT volume by enhancing substrate uptake. Although measurement of mRNA transcripts does not necessarily equate to protein expression, our data do not support this proposal. GLUT4 and lipoprotein lipase expression, the primary regulators of glucose and triacyglycerol uptake, were unaffected by ghrelin treatment, and the expression of CD36, which mediates fatty acid uptake in adipocytes (26) , was significantly down-regulated.
Similarly, evidence that ghrelin increases WAT volume by inducing lipogenesis is not convincing. In responsive WAT, expression of SREBP1c, the master regulator of hepatic lipogenesis (27) , was tripled by ghrelin exposure. However, SREBP1c does not regulate lipid synthesis in WAT (28) but promotes cholesterol metabolism (27) . The WAT-specific mediators of lipogen- esis, fatty acid synthase, and LXR␣ (29) were unaffected by ghrelin exposure. Indeed, the expression of the cytosolic lipid chaperone, aP2, and the nuclear receptor, LXR␤, which is necessary for adipocyte growth (30) , was significantly reduced. The difference between this result and a previous report that ghrelin up-regulates expression of lipogenic transcripts (31) , may lie in the pattern-dependent and depot-specific nature of this action of ghrelin (12) .
In addition, ghrelin may increase WAT volume by inhibiting lipolysis. Although the reduction in perilipin expression indicates that ghrelin may destabilize stored lipid droplets by permitting access of the cytosolic lipases (32), expression of biomarkers of lipolysis or lipid utilization (hormone-sensitive lipase and the uncoupling proteins) was not significantly affected. This differs from previous indirect calorimetric evidence suggesting that ghrelin reduces lipid utilization (2) .
Finally, ghrelin may increase adipocyte volume by reducing lipid export. This seems the most plausible option. Ghrelin exposure halved the expression of ABCG1, the primary mediator of cholesterol efflux (33), reduced circulating fatty acids (Fig.  3F) , and has previously been reported to suppress glycerol release from cultured epididymal adipocytes (15) . Although the precise mechanisms governing the export of FFAs from adipocytes remain to be elucidated (34, 35) , we conclude that exposure to ghrelin appears to induce adipocyte hypertrophy by enhancing lipid retention in responsive adipocytes.
The effect of peripheral ghrelin on the retroperitoneal WAT transcriptome differs significantly from the increase in lipid storage enzymes and reduction in fatty acid oxidation enzymes induced in epididymal WAT by intracerebroventricular ghrelin treatment (14) . Because the effects of central ghrelin are thought to be mediated by the sympathetic nervous system (14) , the different molecular profiles suggest that peripheral ghrelin may have a more direct influence.
To investigate this, we quantified GHS-R 1a mRNA expression in individual abdominal WAT depots, showing that GHS-R 1a and the truncated variant, GHS-R 1b , are both expressed in abdominal adipose tissue at much lower levels than in the hypothalamus. The difference between this result and the majority of previous reports (16, 36 -38) may arise from our use of intron-spanning primers. The functional significance of GHS-R in this system is demonstrated by the failure of UAG to elevate WAT mass and the ineffectiveness of ghrelin in elevating adiposity in GHS-R-null mice. In addition, the GHS-R 1a -specific ligand, L-163,255, appears to produce a similar profile of responses to ghrelin (Figs. 2 and 3 ), but the lack of statistical significance (except in the case of circulating FFAs), may indicate that the dose used was insufficient.
Thus, in contrast to the GHS-R 1a -independent induction of adipogenesis in bone marrow (12) , ghrelin-induced lipid accumulation in intraabdominal WAT is clearly dependent upon the cognate receptor. This corroborates previous reports that GHS-R-null mice are resistant to diet-induced obesity (18, 39) . However, our data do not establish that the hypertrophic effects of peripheral ghrelin in WAT are mediated directly by GHS-R expression in adipocytes. Although ghrelin regulates leptin secretion directly from retroperitoneal adipocytes in culture (40), our observation, that the relative expression of GHS-R 1a does not correspond with the responsiveness of individual WAT depots, implies that this receptor is not the sole determinant of sensitivity to ghrelin.
Our microarray analysis confirmed that GHS-R mRNA expression did not differ between retroperitoneal and epididymal fat but suggested that the sensitivity of specific depots to ghrelin exposure may be determined by several additional factors. First, a number of G protein-coupled receptor species were more highly expressed in ghrelin-responsive WAT. The significance of this observation lies in the fact that there is growing evidence that heterooligomerization of G proteincoupled receptors may regulate the presentation of receptors to the cell surface and their subsequent activation. Of particular interest in this regard was the higher expression of the dopamine receptor 1a in ghrelin-responsive WAT, because ghrelin has been shown to amplify dopamine signaling via agonist-dependent formation of GHS-R/ dopamine receptor 1a heterodimers (41) . Second, higher expression of guanylate cyclase activator 2a and lower expression of RGS4 suggest a differential fine tuning of the mechanisms of signal transduction between individual WAT depots. Third, although ghrelin exposure did not elevate the expression of any of the regulators of lipid handling, the constitutive expression of GLUT4 and fatty acid synthase was significantly higher in ghrelinresponsive fat. Further investigation is required to establish the relative importance of these mechanisms.
Although UAG failed to elevate WAT mass, it remains premature to preclude a role for this hormone in regulating adipos- ity. Unlike acylated ghrelin, UAG significantly reduced body weight gain, a phenomenon repeatedly observed in our laboratory and reflected in the growth retardation of UAG-overexpressing transgenic mice (40) . The role of UAG in the regulation of feeding remains controversial (42) (43) (44) and in the current study, food intake was not significantly affected. However, the reduction in circulating dietary-derived lipids (Fig. 3 , G and H) implies that UAG may limit substrate absorption. Because both UAG and ghrelin halved circulating FFAs, it is possible that both forms of the hormone have similar effects on lipid export from WAT, except that any influence of UAG on adipocyte size is masked by the reduction of available dietary-derived substrate. Whereas the inhibition of isoproteronol-induced lipolysis by UAG (16) appears to support this hypothesis, the recent report that adipocyte-specific overexpression of UAG reduced WAT mass (38) suggests that this may not be the case. However, if the 17-fold elevation in circulating UAG in aP2-ghrelin-transgenic mice reduced the absorption of dietary lipids, this could account for the ubiquitous reduction in fat pad weight in the absence of reduced food intake (38) . Another possibility, that the observed effects of UAG in the present study are mediated by GHS-R 1a , after acylation with ghrelin O-acyltransferase, also seems unlikely, because this rate-limiting enzyme is not expressed in WAT (45) . Thus, the possibility that UAG acts via an unidentified receptor remains open. Finally, we demonstrated that ghrelin-induced lipid accumulation is not specific to WAT. Ghrelin markedly increased the number of lipid droplets in the livers of treated rats and mice, which corresponded with a significant increase in triacylglycerol content. Although this hepatic steatosis was clearly dependent upon the expression of the cognate receptor, previous reports that hepatocytes show no appreciable expression of GHS-R 1a (37, 46) suggest that, in the liver at least, this effect is indirect.
In conclusion, our data support the hypothesis that ghrelin increases WAT mass in selective abdominal depots by a GHS-R 1a -dependent mechanism. However, evidence from the current study suggests that this is due to decreased lipid export rather than a decrease in lipolysis per se. Thus, during periods of energy insufficiency, ghrelin may prevent lipid loss from responsive adipocytes, permitting depot-specific utilization of energy reserves. When combined with our previous evidence that these effects of ghrelin are not seen with intermittent exposure (11), our data imply that interruption of ghrelin signaling may be an essential component in any program of sustainable fat loss from those depots most associated with the metabolic syndrome. 
Materials and Methods
Animals
The procedures described conformed to the institutional and national guidelines for animal experimentation, including those involving genetically modified animals, and were specifically approved by local ethical review. Male Sprague Dawley (SD) rats (Harlan UK Ltd., Bicester, Oxon, UK) were housed under conditions of 14-h light, 10-h dark (lights on at 0500 h), with food (Harlan Teklad Rodent Maintenance Diet containing 4.9% oil; 14.2% protein) and water available ad libitum. Homozygous loxTB-GHS-R mice (University of Texas Southwestern Medical Center, Dallas, TX) and W-T (C57Bl6; W-T) controls (Harlan UK Ltd.) were housed in the animal facility at Cardiff University as above. The day before the commencement of study 5, the diet was replaced by an expanded rodent breeding diet (Rat and Mouse No. 3 Breeding Diet, Special Diet Services Ltd., Witham, Essex, UK, containing 4.25% oil; 22.39% protein).
Study 1: the effect of iv ghrelin infusion on fat distribution in male rats
Male SD rats (205-232 g) were housed individually in metabolic cages 3 d before implantation of a single-bore jugular vein cannula connected to an sc osmotic minipump (Alzet model 2001; Alza Corp., Palo Alto, CA) under halothane anesthesia. Minipumps were primed to deliver vehicle (sterile saline containing BSA (1 mg/ml) and heparin (5 U/ml); n ϭ 6) at 1 l/h, or full-length acylated ghrelin (80 g/d; Phoenix Pharmaceuticals, Belmont, CA; n ϭ 6). This dose was previously shown to elevate abdominal adiposity in GH-deficient rats (12) . After 7 d, minipumps were replaced with similarly primed pumps. Body weight and food intake were monitored throughout the 14-d infusion, at the end of which the rats were weighed, concussed, and killed by cervical dislocation. Abdominal WAT volumes were quantified by MRI in the Experimental MRI Centre (School of Biosciences, Cardiff University) using a Bruker 9.4 Tesla Biospec Scanner (Bruker BioSpin MRI Ltd., Coventry, UK). A two-dimensional multislice spin echo method was used to obtain two sets of 80 ϫ 1-mm-thick axial images of the abdomen, with and without chemical-shift selective fat suppression. Subtraction of fat-suppressed from nonsuppressed images enabled WAT visualization, and depot volumes were quantified using Fat Analysis Tool (FAT) software (Cardiff University).
Study 2: the effect of UAG on abdominal adiposity
After 7 d acclimatization to metabolic cages, male SD rats (182-220 g) were prepared with single-bore jugular vein cannulae as above. Minipumps were primed to deliver either vehicle (n ϭ 5), acylated ghrelin (80 g/d; n ϭ 6), UAG (80 g/d; Phoenix Pharmaceuticals; n ϭ 6), or L-163,255 (a potent spiropiperidine GHS-R 1a agonist (19, 20) ; 160 g/d; n ϭ 4), for 7 d. At the end of the infusion period, rats were weighed, concussed, and decapitated. Plasma from trunk blood was stored at Ϫ20 C before quantification of circulating leptin. Inguinal, retroperitoneal, perirenal, and epididymal fat pads were dissected and weighed.
FIG. 5.
Depot-specific sensitivity to ghrelin is independent of relative GHS-R 1a mRNA expression. Semiquantitative PCR analysis of GHS-R 1a mRNA expression in hypothalamus (Hyp) and bone marrow (BM), epididymal (Epi), inguinal (Ing), mesenteric (Mes), perirenal (Prr), and retroperitoneal (Rtp) adipose tissue of W-T male rats. GHS-R 1a mRNA was detectable in all adipose depots at a lower level than in hypothalamus, but relative expression (% ␤-actin) was not significantly different between individual depots. A, Values shown are mean Ϯ SEM (n ϭ 6 for all tissues) with statistical comparisons performed by one-way ANOVA and Bonferroni's post hoc test (**, P Ͻ 0.01 vs. Hyp). Representative gels for GHS-R 1a and ␤-actin are shown (B and C). A full lipid profile and circulating glucose levels were determined (see below) in terminal plasma samples from study 2.
Study 4: the effect of ghrelin on adipogenic and lipogenic markers
Subsamples of retroperitoneal fat from study 2 were snap frozen in TRIzol Reagent (Invitrogen, Paisley, Scotland, UK) and stored at Ϫ70 C for subsequent mRNA analysis by quantitative real-time PCR. Total RNA was isolated using the RNeasy kit (QIAGEN AB, Solna, Sweden) and reverse transcribed using the SuperScript II reverse transcriptase kit (Invitrogen). Quantitative real-time PCR was performed using the Power SYBR Green master mix (Applied Biosystems, Stockholm, Sweden) and amplified in an ABI Prism 7500 Sequence detector. Primers were designed using Primer Express software (primer sequences are available on request). Amplification of specific transcripts was confirmed by dissociation curve analysis and electrophoresis. We calculated relative changes by the comparative C T method using 18S as the reference gene and data normalized to values from vehicle-treated animals.
Study 5: the effect of ghrelin on abdominal adiposity in GHS-R-null mice loxTB-GHS-R mice (21.8 -26.2 g; 14 wk of age) and age-matched W-T controls (27.9 -34.9 g; P Ͻ 0.001; Harlan) were prepared with single-bore jugular vein cannulae and osmotic minipumps (Alzet model 2001) under isofluorane anesthesia. The pumps were primed to deliver either vehicle [1 l/h; n ϭ 6 (W-T), n ϭ 5 (loxTB-GHS-R), or acylated ghrelin (48 g/d; n ϭ 6 (W-T), n ϭ 5 (loxTB-GHS-R)] for 7 d. We had previously found that this dose gave a reproducible response in W-T mice (our unpublished data). At term, the mice were weighed, reanesthetized with isofluorane, and decapitated. Plasma from trunk blood was stored at Ϫ20 C for subsequent measurement of leptin concentration. Inguinal, retroperitoneal (including perirenal), and epididymal fat depots were dissected and weighed.
Study 6: quantification of GHS-R mRNA expression in abdominal WAT
After being concussed and killed by cervical dislocation, hypothalami and samples of inguinal, mesenteric, epididymal, retroperitoneal, and perirenal fat were excised from six male SD rats (20 wk old) and snap frozen in TRIzol reagent. Marrow fat was obtained by centrifugation of tibial marrow into sterile saline, the floating adipocytes being removed and snap frozen in TRIzol reagent. Samples were stored at Ϫ70 C before analysis of expression of GHS-R 1a and GHS-R 1b mRNAs by RT-PCR. Total RNA was extracted using phenol-chloroform-ethanol, and cDNA generated by reverse transcription using the Affinity Script multiple temperature reverse transcriptase (Stratagene, Amsterdam, The Netherlands). Semiquantitative gene expression analysis PCRs were performed in triplicate for GHS-R 1a , GHS-R 1b , and ␤-actin (sequences of intron-spanning primers available on request). Densitometry was performed on each amplimer after 30 cycles, and the results were normalized to ␤-actin. and killed by cervical dislocation, and samples of retroperitoneal (most sensitive) and epididymal (least sensitive) adipose tissue were excised and snap frozen in TRIzol reagent. Samples were stored at Ϫ70 C before RNA extraction and microarray analysis (see below).
Study 8: the effect of ghrelin on hepatic lipid content
Liver samples excised from rats and mice in studies 2 and 5 were stored at Ϫ70 C before determination of lipid and triacylglycerol content.
Tissue analysis
Plasma variables
Plasma glucose and leptin concentrations were determined by spectrophotometric measurement of reduced nicotinamide adenine dinucleotide phosphate using an Abbott Aeroset Spectrophotometer (Abbott Diagnostics, Maidenhead, Berkshire, UK) and RIA (Linco Research, Inc., St. Charles, MO). Lipids were extracted (from plasma and liver) by the Folch method (47) . Triacylglycerols and total polar lipids were separated by thin-layer chromatography and quantified by their fatty acid contents. Fatty acid methyl esters were separated using a Clarus 500 gas chromatograph (PerkinElmer, Norwalk, CT), identified by comparing retention times with fatty acid standards (Nu-Chek Prep., Inc., Elysian, MN) and quantified against an internal pentadecanoate standard. One FFA value in vehicle-treated rats (which was Ͼ4 SEMs from the mean) was omitted from the calculations.
Microarray analysis
Total RNA was extracted from retroperitoneal and epididymal fat pads using the TRIzol Reagent and hybridized with the Affymetrix Rat Gene Chip 230 2.0 (n ϭ 4 per depot). Affymetrix microarray chip data were analyzed using Genespring GX version 7.3 (Agilent Technologies, Palo Alto, CA). All data presented underwent Robust Microarray Average preprocessing [including data transformation (values Ͻ0.01 to 0.01) and normalization (per chip; normalized to the 50th percentile: per gene; normalized to median value)] before filtering data, based on fold change and expression.
Histology
Sections (5 m) of inguinal WAT (study 5) were stained with Masson's trichrome, and 15-m cryostat sections of liver (study 8) were stained with oil red-O and counterstained with Meyer's hematoxylin. Digital images (one image per section, three sections per mouse) were obtained with a Leica DFC300FX digital camera (Leica Microsystems Imaging Solutions Ltd., Cambridge, UK) and a Leica DMLB microscope. Adipocyte size was quantified in those cells with transversely sectioned peripheral nuclei (minimum 20 cells per section) using Image J and hepatic lipid droplets were measured using Leica Q-Win.
Statistical analyses
Results are expressed as mean Ϯ SEM, and differences between groups were compared using GraphPad Prism (GraphPad Software, Inc., San Diego, CA) by either unpaired Student's t test, or one-way ANOVA followed either by the Dunnett's (vs. control) or Bonferroni's (for selected pairs) post hoc test, as appropriate, with P Ͻ 0.05 considered significantly different. For microarray analysis, genes were highlighted that showed more than 2-fold difference in expression between retroperitoneal and epididymal fat, with statistical comparisons performed using Student's t test and Benjamini and Hochberg false discovery rate test with P Ͻ 0.05 considered significantly different.
